Cu nanoparticles prepared by metal vapor synthesis (MVS) were immobilized on 3-aminopropyl functionalized silica at room temperature. HRTEM analysis of the catalyst showed that the copper nanoparticles are present with mean diameters limited in the range 1.0 -4.5 nm. TPR analysis were performed in order to study the oxidation state of the supported copper nanoparticles. The supported catalyst was used both in batch and in a packed-bed reactor for continuous-flow CuAAC reaction. The activation of the copper catalyst by reduction using phenyl hydrazine in continuous flow conditions was demonstrated. Along with the high catalytic activity (productivity up to 1689 mol/mol), the catalyst can be used several times with negligible Cu leaching in the product (< 9 ppm), less than allowed Cu contaminant in pharmaceuticals. The applicability of packed-bed flow reactor was showed by sequentially converting different substrates in their corresponding products using same column.
Introduction
The regioselective Cu(I) catalyzed 1,3-dipolar azide-alkyne cycloaddition leading to 1,4-disubstituted-1,2,3-triazoles (CuAAC) was independently introduced by the groups of Meldal and Sharpless. [1] [2] [3] Since then, the broad applicability, ease reliability and high efficiency of this reaction stimulated an increasing interest for a wide range of synthetic applications, from drug discovery to material science and chemical biology. [4] [5] [6] [7] [8] [9] [10] [11] [12] Different copper sources have been described for the CuAAC, including simple halide salts and coordination complexes in homogeneous or heterogeneous form. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] From the last decade nanostructured Cu systems are being explored in both homogeneous and heterogeneous form in CuAAC reactions. [13, 14, [23] [24] [25] [26] [27] [28] [29] [30] The combination of supported Cu-based catalysts and flow reactor technologies represent a step forward in terms of reliability, time, safety, and costs over traditional batch reaction conditions.
Recently, considerable efforts in this direction have been devoted to the preparation of innovative Cu-based catalysts by using different strategies to perform CuAAC in flow. [31] [32] [33] [34] [35] [36] [37] [38] However, the development of highly recyclable heterogeneous systems with a copper contamination content into the final product at the acceptable levels, still remains a challenge. [35] Here we report the preparation of Cu nanoparticles supported on 3-aminopropyl functionalized silica (APSiO2) by metal vapor synthesis (MVS) technique and their use as catalyst both in batch and in continuous-flow Huisgen azide-alkyne cycloaddition (CuAAC). Supported Cu catalyst showed remarkable activity and stability in continuous-flow CuAAC with a very low Cu leaching in the product. In addition, the activation and re-generation of the catalyst by flowing phenyl hydrazine as a reducing agent for copper, was demonstrated. In order to better understand the morphology and the active phase of the supported copper nanoparticles, high resolution electron microscopy and temperature programmed reduction (TPR) analysis, both in the pristine state and after use in catalysis, were performed.
Experimental

General
All the reactions involving sensitive compounds were carried out under dry argon by using Before introduction in the instrument, the samples were ultrasonically dispersed in isopropyl alcohol and a drop of the suspension was deposited on a holey carbon gold grid (300 mesh). The histograms of the metal particle size distribution for the Cu samples were obtained by counting at least 500 particles onto the micrographs. The mean particle diameter (dm) was calculated by using the formula dm = ∑dini/∑ni, where ni is the number of particles with diameter di. Temperature
Programmed Reductions (TPR) profiles were recorded with a modified version of the Micromeritics Pulse Chemisorb 2700 apparatus. The catalysts (50 mg) were diluted with quartz, pre-treated under Ar at 150 °C and reduced at 8 °C/min with a 8% H2/Ar mixture at 15 mL/min.
Preparation of Cu nanoparticles supported on 3-aminopropyl-silica (Cu/APSiO2)
The synthesis of Cu/acetone solvated metal atoms (SMA) was carried out in a static MVS reactor, similar to those previously described. [39, 40] In a typical experiment, copper vapors, generated by resistive heating of an tungsten-alumina crucible filled with ca. 500 mg of copper shots, were cocondensed at liquid nitrogen temperature with acetone (100 mL) in the glass reactor chamber of the MVS apparatus in ca. wt.% of Cu. The catalysts were stored under dry argon atmosphere by using standard Schlenk techniques.
CuAAC reaction in batch conditions: general procedure
A 25-mL Schlenk tube fitted with a glass frit and stopcock side arm, was charged under argon with Cu/APSiO2 (65 mg, 1 wt.% of Cu, 0.01 mmol, 0.02 equiv.), and dry THF (2 mL), followed by benzyl azide (62.5µL, 0.5 mmol, 1 equiv.) and phenyl acetylene (65.9 µL, 0.6 mmol, 1.2 equiv.). The flask was closed under argon and kept stirring at 25°C, for the time t (Table 1) . Then the mixture was filtered through the enclosed frit, collecting the filtrate and catalyst rinses with THF (2 × 2 mL). For the regeneration, the catalyst was treated with the solution of PhNHNH2 (34 µL, 0.35 mmol) in THF (5 mL) for 15 h at room temperature.
Then catalyst was washed with THF (2 × 5 mL), dried under argon flow and used in next run.
Control experiments for catalytic activity in solution.
Each of two 25 mL Schlenk tubes (A and B) fitted with a medium porosity glass frit and stopcock 
Preparation of Cu/APSiO2 packed-bed reactor
Packed-bed reactor was prepared in a commercially available PTFE tubing with Luer-lock fitting (Figure. Catalyst was packed by sucking Cu/APSiO2 from Schlenk tube with the help of vacuum. In order to keep the catalyst bed in place, glass wool and a short piece of 1/16" o.d. PTFE tubing was also placed at the other end of the reactor.
CuAAC reaction under continuous-flow conditions: general procedure
The Luer-lock PTFE tubing packed with Cu/APSiO2 (190 mg Cu/APSiO2, 1 wt.% or 230 mg 0.55 wt% Cu loading, respectively) was connected to a 5 mL SGE Gas-Tight syringe and flushed with dry THF for 30 min at 50 µL·min OES analysis of the combined eluates from each run. For purification purposes, the reaction mixture was treated with water (20 mL) and extracted with CH2Cl2 (2 × 15 mL). The combined organic layers were dried over Na2SO4, the volatiles were removed with a rotary evaporator and the residue was purified by flash chromatography (SiO2, n-hexane:AcOEt = 3:1).
Results and Discussion
Preparation and characterization of Cu nanoparticles supported on 3-aminopropyl functionalized silica (Cu/APSiO2)
Cu nanoparticles were prepared by MVS technique [41, 42] and supported on APSiO2 (See 2.2). The MVS approach allowed to deposit very small copper nanoparticles (< 5 nm) at room temperature directly in its reduced form, so that, calcination and activation processes, which can eventually modify the structure of hybrid organic/inorganic support, was avoided. The choice of aminofunctionalized silica was dictated by the ability of primary alkyl amines to stabilize Cu nanoparticles, [43] and the strong tendency of amino functionalized silica to bind copper species. [44] [45] [46] [47] [48] Transmission electron microscopy (TEM) analysis was performed in order to study the metal particle size distribution of the Cu/APSiO2 samples. Copper nanoparticles turned out to be highly dispersed on the functionalized silica support and mainly present in a narrow size distribution (ranging 1.0 -4.5 nm), with an average diameter close to 2.5 nm (Figure 1) . A very low amount of larger particles ranging from 10-15 nm in diameter, were also detected.
[Figure 1, near here]
In order to investigate the crystalline phase of starting Cu (0) nanoparticles obtained by MVS approach, high resolution TEM analysis were performed on the Cu/APSiO2 catalyst ( Figure   2 ). [49] Lattice planes extend to the whole particle without any stacking faults or twins, indicating their single crystalline nature. Lattice fringe analysis recorded on larger Cu particles (> 10 nm, Figure 2A ) exhibited spots in the FFT pattern at 2.1 Å that are ascribed to the spacing of (1 1 1) planes of the face centered cubic (fcc) structure of metallic Cu. 
Catalytic behaviour of Cu/APSiO2 catalyst.
In order to evaluate the catalytic efficiency of the supported Cu-nanoparticles, the Cu/APSiO2 system was first employed under batch reaction conditions (Table 1) .
[ Table 1 , near here]
We were pleased to find that full conversion of 1 to the 1,2,3-triazole product 3 was achieved in 6 h by using 2 mol. % of Cu catalyst at room temperature. Remarkably, the reaction proceeded in the absence of any basic additive, suggesting that the primary amine groups on the support could play a duel role, as a stabilizer of Cu particles and as a heterogeneous base. The recovered catalyst could be reused in next 3-runs (entries 1-4, Table 1 ), albeit at the expense of a steady decrease of the specific activity (SA). The ICP-OES analysis showed a very low amount of Cu species leached in the reaction mixture after each catalytic run (< 0.05 wt.% of the total available Cu content, corresponding to 0.39 ppm in solution, entries 1-4, Table 1 ). Given the negligible metal leaching, oxidation of the Cu particles to less active Cu(II) oxide, as also evidenced by HRTEM and TPR analysis, was therefore considered as the most likely explanation of the loss of catalytic activity on recycling. [53] In order to test this hypothesis, the effect of the treatment of the Cu/APSiO2 catalyst with phenyl hydrazine (PhNHNH2) was evaluated. The use of this reducing agent for selectively obtaining Cu(I) species has been reported in different reactions. [54, 55] Interestingly, the SA of the PhNHNH2-treated system was almost doubled with respect to the non-activated catalyst (entry 5 vs. entry 1).
TPR analysis of the PhNHNH2-treated system (Figure 3b ) exhibited a shift of the reduction peak at higher temperature (500 °C) and a shoulder at around 400 °C. This change in the TPR profile confirms that a new copper phase appears after the treatment with phenyl hydrazine, which can be attributed to formation of Cu2O phase. [56] Recycling this catalyst showed similar decreasing trend of activity as that of first set of reaction; nonetheless pre-activation allowed a more effective use of supported catalyst, as higher SA values were noticed (entries 5-7 vs. entries 1-4). These results agree with the previously reported evidences on the role of Cu(I) as catalytically active species in CuAAC reaction. Indeed, as demonstrated by theoretical and experimental studies, the reaction mechanism involves the initial formation of Cu(I)-acetylide species followed by the azide attack. [41, [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] On the other hand, the ICP-OES data showed comparatively larger amounts of copper species released in the reaction mixture under these conditions. From the above results it was clear that PhNHNH2 is able to reduce the oxidized surface layer of copper particles and keep it in the active state, but at the same time it favors to some extent the release of the metal in the reaction mixture. [69] In order to establish the nature of the catalytic systems we monitored two test reactions performed in batch conditions with the Cu/APSiO2 system untreated and pre-treated with phenyl hydrazine, respectively ( Figure 2S ). After conducting the reaction of phenylacetylene and benzyl azide for 2 h, 1,2,3-triazole was produced in a yield of 35 % (untreated Cu/APSiO2) and 50 % (pre-activated Cu/APSiO2), respectively. After that the catalysts were removed from the reaction vessels and the reaction were stirred for further 4 h at 25°C in absence of the catalysts a further conversion of less than 5% was observed. The results point out the significant heterogeneous contribution of the copper-based catalyst confirming that the click reaction can occur at the surface of the supported copper particle, as recently reported. [70] The catalytic behavior of MVS-derived Cu catalyst was compared with that of previously reported CuI immobilized on APSiO2 (CuI/APSiO2). [71] For this purpose CuI/APSiO2 catalyst was prepared following the reported procedure. [70] Despite its easy preparation and high SA (entry 8),
freshly prepared CuI/APSiO2 turned out to suffer from a nearly one order of magnitude larger metal leaching (16% of total Cu content) than the MVS catalyst. Not surprisingly this led to a significant drop of catalytic activity upon recycling CuI/APSiO2 (entry 9) and the inability to recover the initial performance by treatment with PhNHNH2 (entry 10).
With these promising results in hand we set out to evaluate the performance of this system under continuous flow conditions. The flow experiments were carried out using a home-made reactor packed with Cu/APSiO2. [72] Given the findings in the batch runs, the catalyst was subjected to pre-activation in flow, by flushing the reactor with PhNHNH2 in THF. After brief initial optimization of flow rate, 3.75 mmol of 1 was quantitatively converted in 5 h into the corresponding 1,2,3-triazole product 3 at 50 µL min -1 ( Table 2 , entry 1).
[Table 2, near here]
The same flow reactor was employed next in two additional runs, without any intermediate regeneration of the catalyst (entries 2-3). Even though the recorded SA values were higher than obtained in batch ( Table 2 , entries 1-3 vs. Table 1 , entries 5-7), a steady reduction of the conversion was noted in the course of the successive cycles. Reasoning that the activity decrease could be due to the partial oxidation of the catalyst by adventitious oxygen, TPR analysis was performed on a sample of Cu/APSiO2 pre-reduced with PhNHNH2 and then exposed to air (Figure 3c ).
Interestingly, the reduction profile of the air-exposed sample showed a relatively small peak with a maximum at around 250 °C, which can be traced back to the formation of the CuO phase. At the same time, the broad peak with shoulder at higher temperature, related to Cu2O nanoparticles, was Overall the packed-bed reactor could be used effectively for seven times (entries 1-7), thus obtaining higher total productivity of catalyst (Pn = 727) [73] than in batch (Pn = 200 and 150 for the two sets of reactions, Table 1 entries 1-4 and 5-7, respectively). The amount of copper present in the combined products from all the flow reactions (53 ppm) was much less than reported for other supported Cu-systems. [31] [32] [33] [34] [35] [36] [37] [38] Nonetheless, the leaching level in these initial experiments was still above the generally accepted Cu contamination in pharmaceuticals (15 mg kg -1 ). [35] In order to solve this problem we speculated that lowering the amount of Cu on APSiO2 could increase the stability of supported nanoparticles, due to the availability of comparatively more amino groups on the silica surface. Moreover, decreasing the reducing agent to the minimum amount required for keeping the catalyst in the active form could help to limit the metal dissolution.
To investigate the assumptions made above, a new batch of catalyst with lower Cu loading (0.55 wt.%) was prepared and second set of flow experiments were carried out ( Figure 4 ). Despite the comparatively lower amount of Cu immobilized in the device, the reactor was still able to quantitatively convert 1 to the 1,2,3-triazole product 3 at 50 µL min -1 flow-rate (run 1, Figure 2 ). [75] , which is below the maximum allowed limit for pharmaceuticals and demonstrates the unique features of the nanostructured MVS system described in this work with respect to bulk copper catalysts and devices reported to date. [31, [34] [35] [36] [37] [ Figure 4 , near here]
In order to further demonstrate the applicability of our packed-bed flow reactor, the substrate scope was briefly examined (Table 3) [ 
